Purpose: Seizures are common in critically ill neonates. Both seizures and antiepileptic treatments may lead to short term complications and worsen the outcomes. Predicting the risks of seizure reoccurrence could enable individual treatment regimens and better outcomes. We aimed to identify EEG signatures of seizure reoccurrence by investigating periictal electrographic features and spectral power characteristics in hypothermic neonates with hypoxic-ischemic encephalopathy (HIE) with or without reoccurrence of seizures on rewarming. Methods: We recruited five consecutive HIE neonates, submitted to continuous EEG monitoring, with high seizure burden (>20% per hour) while undergoing therapeutic hypothermia. Two of them had reoccurrence of seizures on rewarming. We performed quantitative analysis of fifteen artifact-free consecutive seizures to appreciate spectral power changes between the interictal, preictal and ictal periods, separately for each patient. Visual analysis allowed description of electrographic features associated with ictal events. Results: Every patient demonstrated a significant increase in overall spectral power from the interictal to preictal and ictal periods (p < 0.01). Alpha power increase was more pronounced in the two patients with reoccurrence of seizures on rewarming and significant when comparing both interictal-to-preictal and interictal-to-ictal periods. This alpha activity increase could be also appreciated using visual analysis and distinguished neonates with and without seizure reoccurrence. Conclusion: This distinct alpha activity preceding ictal onset could represent a biomarker of propensity for seizure reoccurrence in neonates. Future studies should be performed to confirm whether quantitative periictal characteristics and electrographic features allow predicting the risks of seizure reoccurrence in HIE neonates and other critically ill patients.
Introduction
Seizures are common in critically ill neonates and they may contribute to brain injury and worsen the outcome [1] [2] [3] . The widely accepted practice is to treat seizures, but anticonvulsants may cause undesirable adverse effects and affect neurodevelopment [4] . Therefore, treatment strategies should be ideally tailored to the risks of seizure reoccurrence.
Hypoxic-ischemic encephalopathy (HIE) is the most frequent cause of neonatal seizures and the leading cause of death and neurodevelopmental disability in term newborns. Half of HIE neonates present seizures that usually cease within the first 72 h of life [5, 6] . Therapeutic hypothermia (TH) reduces seizure burden, but a significant proportion of seizures reoccur on rewarming. The risk factors of seizure reoccurrence on rewarming have not been identified to date.
Clinical evaluation alone has limited ability to predict seizure occurrence and evolution during the acute phase of the illness. EEG was reported as more informative, with higher degrees of background impairment and interictal sharp waves correlating with seizures [6, 7] . Still, these interictal EEG signatures are not predictive of subsequent temporal evolution and overall seizure burden.
Quantitative analyses revealed specific ictal characteristics, such as increase in power spectra, that allow automatic seizure detection [8] . However, to our knowledge, no studies investigated whether these characteristics can predict the risks of seizure reoccurrence in critically ill neonates and older patients. Our aim is to identify EEG signatures that predict seizure reoccurrence. In this pilot study we investigated, in a series of HIE neonates undergoing TH, periictal electrographic seizure features and spectral power characteristics in neonates with and without reoccurrence of seizures on rewarming.
Material and methods

Patients
This single-center retrospective study recruited five consecutive term neonates with HIE and high seizure burden, undergoing TH according to a previously described protocol [9] . Considering previous findings of worse neurological outcomes in critically ill patients with seizures lasting >12 min (20%) in any given hour, all selected neonates had seizure burdens above this threshold [3] . Seizures were treated according to institutional protocols and at the discretion of the treating physician. All neonates had their seizures controlled with phenobarbital and benzodiazepine boluses within the first 48 h of age and were on maintenance phenobarbital, with therapeutic blood levels by the end of TH. Two of five neonates had seizures that reoccurred on rewarming. Patients' characteristics are detailed in Table 1 .
This study was approved by the Sainte-Justine Hospital Ethics Committee and families provided informed consent.
EEG recording and analysis
Patients were submitted to continuous EEG monitoring initiated within the first 24 h of life and maintained for at least 12 h after the end of TH. Video-EEG recordings were acquired using portable Stellate Vita ICU systems (sampling rate 200 Hz, bandpass 0.1-100 Hz), with surface electrodes positioned according to the international 10-20 system.
Recordings were reviewed by board-certified neurophysiologists (AB, AL, LC and PM). The predominant background pattern, electrographic seizures and status epilepticus were defined according to standard criteria [9, 10] . Seizure burden was calculated as the maximum percentage of any hour occupied by electrographic seizures.
Analysis of seizures 2.3.1. Conventional visual video-EEG analysis
We characterized seizures that occurred after 20 h of life, while the background pattern was classified as excessively discontinuous (Table 1 ).
Quantitative EEG analysis
Analyses were performed on standard bipolar double-banana channel-pairs. Recording was digitally filtered (0.5-50 Hz bandpass, 60 Hz Notch). Ten-second duration EEG epochs immediately preceding and following ictal onset were visually selected from the first 15 artifact-free consecutive seizure episodes. Interictal EEG epochs of the same duration, separated by at least 30 s from the ictal end and onset were selected as well. These precautions allowed selecting EEG epochs of sufficient length, not contaminated by seizure activities. Given that ictal onset was always lateralized, we kept for analysis only the channels from the hemisphere where seizure originated. As a result, final analyses were performed on consecutive ten-second interictal, pre-ictal and ictal EEG epochs including eight channels each from either the left or the right hemisphere. Each ten-second EEG epoch was divided into five slightly overlapping 2.56-s (512-sample) segments, submitted to fast Fourier transform and then averaged, yielding power spectra for the delta (0.5-3.5 Hz), theta (3.5-7.5 Hz) and alpha (7.5-13 Hz) frequency bands, separately for each patient, for fifteen pre-ictal, ictal and interictal EEG epochs each (Fig. 1) . We also applied Morlet wavelet transform to the ten-second interictal, preictal and ictal EEG epochs to obtain an example of time-frequency representation of the data, as shown in Fig. S1 . Analyses were performed using Brain Vision (Brain Products, GmbH) software.
Statistical analyses
Interictal-to-periictal spectral power evolution was examined in every individual patient as a separate experiment. Every seizure in a given patient was considered as an independent observation. Hence, we performed five repeated-measures analyses of variance with three within subject factors Period (interictal, preictal and ictal), Band (delta, theta and alpha) and Channel (8 standard bipolar derivations). Post-hoc ANOVAs with repeated measures were carried-out to disentangle the effects of Period and Band. Huynh-Feldt correction was applied and significance level was set to p < 0.01 following a Bonferroni correction.
Results
Visual analysis
Most electrographic seizures were focal at onset, spreading to the ipsilateral and then contralateral hemisphere (Table 1) . Multiple foci were detected in all patients. The predominant seizure pattern was rhythmic delta activity. Patients 1 and 2, with reoccurrence of seizures on rewarming, displayed consistent semirhythmic alpha activity preceding the onset of seizures by around 30 s. This activity showed regional, hemispheric or diffuse distribution, contrasting with the subsequent focal seizure onset. Patient 1 also showed simultaneous preictal arhythmic delta activity of approximately the same duration and distribution. Finally, Patient 4 demonstrated occasional focal semi-rhythmic alpha activity preceding seizures with similar distribution. All seizures were subclinical.
Quantitative EEG analysis
Every patient demonstrated a significant overall increase in power from interictal to preictal and ictal periods (Figs. 1, S1 and Table S1 ). As expected, increases in delta and theta power were observed in all patients, except for the theta band in Patient 3. Only patients 1, 2 and 4 displayed increases in alpha power when comparing both interictal-to-preictal and interictal-to-ictal periods. An increase in interictal-to-preictal alpha power was also observed in Patient 3.
Discussion
This study demonstrates that background EEG changes precede the onset of electrographic seizures in cooled asphyxiated neonates. In certain patients, these changes manifest as significant increases in preictal semi-rhythmic alpha activity that superimpose on lower frequency activity and continue beyond seizure onset. These preictal activities have large scalp distributions contrasting with the focal origin of the evolving ictal rhythmic activities that, in our series, are constantly observed in patients with reoccurrence of seizures on rewarming. We also confirm the established fact of increase in amplitude and spectral power of rhythmic activities concomitant with the onset of electrographic seizures [10] .
Excessive rhythmic alpha activity has been already described on routine clinical EEG recordings in neonates with a variety of pathological conditions [11] . Electrographic seizures were reported in one fifth of these neonates. However, the relationship between diffuse alpha activity and seizures was not examined. In our patients, semi-rhythmic alpha activity with a regional, hemispheric or even diffuse distribution could occur in isolation, but in most cases preceded focal seizure onset, which may suggest the presence of a distributed network favouring seizure reoccurrence. Consequently, this alpha activity might indicate seizure onset and distinct seizure characteristics. This pattern may represent a biomarker of increased susceptibility for seizures.
Experimental and human data in patients with chronic epilepsy reported that high-frequency oscillations (HFOs) detected on the EEG tracings are predictive of epileptogenicity and ictogenicity [12] . The low sampling rate of our recordings did not allow HFOs detection. Further, neonatal brain network properties and mechanisms of ictogenesis differ considerably from those in older children and adults [4] . Nonetheless, these studies together with our series demonstrate that seizure prediction can be investigated at different ages in both acute and chronic seizure settings. In critically ill patients, it should be determined whether the presence of the interictal and preictal activities are harmful to the injured brain and whether they should be preventatively treated with antiepileptic medication.
The main limitation of our study is the small sample size. Larger sufficiently powered prospective cohorts of HIE neonates will be required to reproduce our pilot findings and appreciate the role of preictal alpha activity in predicting the reoccurrence of seizures on rewarming. Conversely, the retrospective design of our study should not have affected the patients' selection as all HIE neonates in our institution undergo cEEG monitoring throughout TH and for at least 12 h after its end, which allows reliable seizure detection and treatment.
Our research opens avenues for larger prospective studies that will investigate whether distinct seizure patterns in critically ill neonates can help automatically detect and predict seizure reoccurrence, followed by interventional trials to assess whether adapting treatment regimens can improve outcomes. This data could also provide better understanding of the pathophysiology underlying ictogenesis and epileptogenesis.
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